Abstract -The simplified fault location method which is described in this paper is tested at HVDC submarine cable test yard located in KEPCO Power Testing Center of Korea. The total length of tested submarine cable is 194 m, and it has 4 earth points, each point is grounded between shield layer and seawater under the sea respectively. The tested fault location method uses the time delay of the travelling wave signals reflected from the fault point. Firstly, the signals are measured by oscilloscope at the end of test cable when the grounding fault occurs on the system, then the distance to fault point can be calculated using the time delay of the first two signal and propagation velocity.
Introduction
HVDC submarine cables of ±180 kV which have DC bipole type using thyristor valve are now operating from Jeju to Haenam in Korea [1] [2] . Most submarine cables including this system are also long distance system, the delay of exact fault location may incur excessive economical damage because recovery time is extended. Therefore, quick and exact fault location is very important for long distance HVDC submarine cables [3] . However, it is very difficult for fault location in submarine cable because it is installed under the deep sea as well as cable length is very long. Actually, the total length of HVDC submarine cable operated in Korea is approximately over 100 km, and the depth of sea water is over 100m.
Generally, one of the most useful method for fault location of submarine cable is TDR(Time domain reflectrometer) [1] [2] [3] . However, TDR is very difficult for understanding of measured waveform as well as its device is also very complicate. So, general operators need special education.
Therefore, in this paper, the simplified fault location method is proposed using oscilloscope for HVDC submarine cables. This method can detect travelling wave through oscilloscope, the source is supplied by TDR. This simplified fault location method is tested at HVDC submarine cable test yard located in KEPCO Power Testing Center of Korea. The total length of tested HVDC submarine cable is 194 m, and it has 4 earth points. The proposed method is proved by various real tests according to earth conditions.
HVDC Submarine Cable
In this paper, actual HVDC cable of CUMI 800 ㎟ for test of simplified fault location method is used for testing. Table 1 show the structure of CUMI 800 ㎟ and thickness and electrical parameter of each layer, respectively. 1 shows the system diagram of real test line of HVDC submarine cable test yard. In this case, the fault current is returned through earth. In this paper, the method to be returned by sea water is also considered. The total length is 194 m. It is assumed that the ground fault among conductor, sheath and sea water is occurred at 48 m from source(Sending end). The receiving end of conductor and sheath is opened. The pulse is supplied by TDR, and the reflected waveform is detected by oscilloscope at sending end. The propagation velocity(v/2) of 71.2 m/ is measured by TDR in advance. 
Test conditions
The actual tests of 9 times are performed in this paper according to grounding, fault conditions and measuring cable of TDR. Table 2 shows the real test conditions using TDR and oscilloscope. The distance to fault point can be calculated by Equation (1) using measured waveform of oscilloscope. Fig. 1 shows the system diagram of Test 1 to Test 4. In this case, the fault current is returned through earth. As shown in this figure, TDR sends the pulse toward testing cable, and the reflected waveform for fault location is captured by oscilloscope at sending end. The measuring cable L2 of TDR for pulse injection is used in Test 1. The measuring cable of Test 2 to Test 4 is L3. 3 times testing are repeatedly performed. Fig. 2 is the waveform measured by oscilloscope of Test 1. As shown in this figure, the first and second reflection point can be detected with small noise. The calculated distance of Test 1 using equation (1) is 48.13 m, calculation error is 0.06 %. Fig. 3 is the waveform measured by oscilloscope of Test 2. In this case, the signal sampling is more detail than Test 1. Therefore, more noises are included than Test 1. However, the first and second reflection point can be also detected, and distance to fault point is calculated by equation (1) . The calculated distance of Test 2 is 47.7 m, calculation error is 0.15%. In this case, the fault current is returned through sea water. 15 electrodes using earth pole are used for perfect return path through sea water. However, the first and second reflection point can be also detected, and distance to fault point is calculated by equation (1) . The calculated distance of Test 2 is 48.8 m, calculation error is 0.41%. From this result, we can prove that fault location using oscilloscope can be performed for exact fault location regardless of return path types in HVDC submarine cable. Fig. 7 shows the system diagram of real test line for Test 6. In this case, the system diagram is same as Test 5 of Fig.  5 , but the fault resistance is different. In this test, the gap between sheath and sea water is adjusted for increasing of fault resistance. The return path type of fault current using 15 electrodes is also same as Test 6. Fig. 8 shows the waveform measured by oscilloscope of Test 6. As shown in this figure, in this case, the first and second reflection point can be also detected, and distance to fault point is calculated by equation (1) . The calculated distance of Test 2 is 47.9 m, calculation error is 0.05%. Therefore, we can prove that fault location using oscilloscope can be performed for exact fault location regardless of fault resistance in HVDC submarine cable. In the near future, the high resistance fault will be considered for further study. 10 shows the waveform measured by oscilloscope of Test 7. As shown in this figure, in this case, the first and second reflection point can be also detected, and distance to fault point is calculated by equation (1) . The calculated distance of Test 7 is 50.5 m, calculation error is 1.28%. The calculation result of this case is a little bit higher than other cases because of returned fault current by earth. From this result, we can prove that the calculation error may high in case of return path of earth under the sea water grounding condition. 
Test results

Conclusions
In this paper, the simplified fault location method is proposed using oscilloscope and TDR for HVDC submarine cables. The proposed method is tested at HVDC submarine cable test yard located in KEPCO Power Testing Center of Korea. The actual tests of 9 times are performed for verification of them. The maximum and minimum error rates of 9 cases are 1.34% and 0.05%. The average error rate shows just 0.53% for fault location. From these results, it proves that the fault location method proposed in this paper is very accurate and useful. However, the authors will continuously study easier detection methods using filtering algorithm.
